A series of trifluoromethyl pyridine derivatives containing 1,3,4-oxadiazole moiety was designed, synthesized and bio-assayed for their insecticidal activity. The result of bio-assays indicated the synthesized compounds exhibited good insecticidal activity against Mythimna separata and Plutella xylostella, most of the title compounds show 100% insecticidal activity at 500 mg L À1 and >80% activity at 250 mg L À1 against the two pests. Compounds E18 and E27 showed LC 50 values of 38.5 and 30.8 mg L À1 against Mythimna separata, respectively, which were close to that of avermectin (29.6 mg L À1 ); compounds E5, E6, E9, E10, E15, E25, E26, and E27 showed 100% activity at 250 mg L
Introduction
Harmful insect pest in agriculture has brought about actual losses in productivity of crops all over the world annually.
1 Take Mythimna separata Walker and Plutella xylostella as examples, they cause enormous economic losses in agricultural production worldwide. 2, 3 Currently, because of the generation of resistance and cross resistance, the insecticidal effect of phthaldiamides (such as uobendiamide) and traditional organophosphorus pesticides was tapered. [4] [5] [6] [7] [8] Thus, the development of insecticidal agent with novel structure is increasingly required.
Pesticide containing the uorine is the hot topics in creating novel pesticides. 9 As an important class of uorinated heterocycle, the skeleton of triuoromethyl pyridine showed a vital role in the discovery of pesticide molecules; so far, there are about 27 commercial pesticides with triuoromethyl pyridine were commercialized, and ve of them were used as insecticidal agent (Fig. 1) . 9 In recent years, studies for development of novel potential insecticidal molecules with the triuoromethyl pyridine are very popular, and large number of potential compounds with this substructure were reported. [10] [11] [12] [13] [14] [15] [16] Such as sulfoxaor, a representative commercial insecticide, and was industrialized by Dow Agroscience. 16 1,3,4-Oxadiazole derivative is a highly active pharmacophore and widely was used in pesticide molecules, 17 many active substance containing such a scaffold have been reported as insecticides, [18] [19] [20] [21] [22] [23] [24] fungicides, [25] [26] [27] [28] [29] [30] [31] and herbicides, 32-34 some of them were treated as a pesticide candidate for further industrialization. 25 Recently, Liu and co-workers reported the 1,3,4-oxadiazole derivative with an anthranilic diamide moiety possessed excellent insecticidal activity against P. xylostella, 20 as well as some insecticidal sarisan analogues with an 1,3,4-oxadiazole scaffold were developed by Guo et al. 23, 35 And in our recent work, a series of insecticidal 1,3,4-oxadiazole molecules bearing a 3-chloropyridin-2-yl-1H-pyrazole was proposed.
36
Inspired by the description above, herein we attempted to replace 3-chloropyridin-2-yl-1H-pyrazole using a triuorom- ethyl pyridine based on our previous work (Fig. 2) , 36 then structural variation at the other side of the 1,3,4-oxadiazole ring by the introduction of different substituted phenyl, resulting in series of triuoromethyl pyridine derivatives containing an 1,3,4-oxadiazole moiety. Their insecticidal activity was evaluated, as well as the quantitative structure-activity relationship was analyzed based on CoMFA and CoMSIA. To the best of our knowledge, this is the rst report on the insecticidal activity of 2-(triuoromethyl pyridin-2-yl)-1,3,4-oxadiazole derivatives.
Results and discussion

Chemistry
The synthetic route for the title compounds is depicted in Scheme 1. The key intermediate ethyl substituted benzoate (B) was easily obtained in good yield via reactions of substituted benzoic acid with ethanol in the present of concentrated sulfuric acid, which further reacted with hydrazine hydrate (80%) to yield substituted benzohydrazide C in >90% yields.
25,37
Subsequently, treatment of C with 3-chloro-5-(triuoromethyl) picolinic acid (D) in the presence of phosphorus oxychloride at reuxing temperature afforded the title compounda (E) with excellent yield by employed known protocol.
36
Structures of the compounds E1 to E28 were established on basis of 1 H NMR, 19 F NMR, 13 C NMR and HR-MS data. In the 1 H NMR spectra, the H proton near the "N" of pyridine appeared as a singlet near d 8.95 ppm. As well as the proton at ortho-position of chlorine atom at pyridine appeared as a singlet near d 8.20. In its 13 C NMR spectra, the carbons near the group of "-CF 3 " were split into a quartet due to the coupling coefficients from "F", take compound E1 as example, the carbon in "-CF 3 " group is near d C 122.21 ppm and the coupling constant ( 1 J FÀC ) was 273.5 Hz, the carbon that is linked to group of "-CF 3 " resonance frequency is near d C 128.75 ppm as a quartet and with the coupling constant ( 2 J CÀF ) is 34.1 Hz; and the carbons at orthoposition of "-CF 3 " were also split into very weak quartets with coupling constant ( 3 J CÀF ) ranged from 3.6 to 3.8 Hz.
Insecticidal activity and 3D-QSAR study
The insecticidal activity of the synthesized compound against Mythimna separata (Walker) was carried out using reference method. 38 The result listed in Table 1 A preliminary SAR study indicated that the insecticidal activity can be impacted by the different type of groups on benzene ring, it could be concluded that the activity could be enhanced by introduction of the electron-withdrawing groups, and decreased by electron-donating group. For example, the activity of compounds with a methyl (E2, E3, E4, E7) and ethyl (E6) showed much lower activity than and the compounds with an electronwithdrawing group (such as E8, E18, E27), and the introduction of electronegative group could increase the insecticidal activity. In order to give more information of structure-activity relationship, 3D-QSAR models (CoMFA and CoMSIA) were further built based on the active data of M. separata (Walker). Six compounds (E7, E8, E9, E16, E22 and E26) were randomly chosen as a test set. The training set consisted of 20 compounds. The superimposition of training set compounds was done by using compounds E20 as a template and had shown in ESI (Fig. 1S †) .
The results of the PLS statistics tested on bioactivity against M. separata are presented in Table S1 (see ESI †). Fig. 3 . The result indicated the proposed model predicted the activity successfully.
The steric contour map of CoMFA is shown in Fig. 4(A and B) . The green contours near the 2-and 4-positions of benzene ring revealed a large substituent is necessary for contributing to the anti-insecticidal activity, however, the yellow contours near the two positions indicated a bulky substituent could be decreased the activity, for instance, the activity of compound E6 (with ethyl at 4-position of benzene and LC 50 ¼ 94. 4 and D), the blue contour indicated that negative charge near the benzene ring (2-5 positions) is favored by the activity. Hence, the electron withdrawing group is in favor of improving the insecticidal activity, the activity for the compounds with an electron-donating group is much lower than these compounds containing an electron withdrawing group (e.g.:
The CoMSIA contour map was shown in Fig. 5 , the steric and electrostatic contour map ( Fig. 5A and B) revealed the similar regularity as CoMFA shown. And furthermore, the electrostatic contour map ( Fig. 5C and D) give a necessary supplement for the electrostatic contour map of CoMFA, from the result of CoMSIA, we can see that the electronegative groups around the benzene is necessary, but an appropriate group at 3-position of benzene should be taken into account, or else the activity was be decreased (e.g.: the LC 50 value of compound E2 is 257.8 mg L À1 ). Moreover, the predictability of the 3D-QSAR models were investigated by the new structures with two chlorine atoms (E27) and a 4-uorobenzyl (E28), which were synthesized and tested for their insecticidal activities, the results showed in Table S2 † indicated the models showed good predictability. The insecticidal activity of the synthesized compounds against Plutella xylostella, Nilaparvata lugens and Aphis craccivora Koch were carried out using reference method.
39, 40 The results listed in Table 2 indicated that some of the synthesized compounds showed certain insecticidal activity against Nilaparvata lugens and Aphis craccivora Koch at 500 mg L
À1
, the activity of compounds E14, E15 and E18 was medium. However, the synthesized compounds showed good insecticidal against Plutella xylostella. Most of them showed 100% activity at 500 mg L À1 and >80% at 250 mg L À1 , and in particularly, compounds E5, E6, E9, E10, E15, E25, E26, and E27 showed 100% activity, which were better than chlorpyrifos (87%). The preliminary SAR analysis show similar trends as that of M. separata.
Conclusions
In current work, a new series of 1,3,4-oxadiazole derivatives containing triuoromethyl pyridine moiety was designed and synthesized. The structures of these compounds were characterized and conrmed by 1 H NMR, 19 F NMR, 13 C NMR, HR-MS.
Bioassays for insecticidal activity of the synthesized compounds against M. separata, P. xylostella, N. lugens, and A. craccivora were conducted. The results indicated some of the synthesized compounds exhibited good insecticidal activity against M. separata (with LC 50 values ranged from 30.8 mg L À1 to 284.6 mg L À1 ) and P. xylostella (most of them showed 100% activity at 500 mg L À1 and >80% at 250 mg L À1 ). In particularly, the LC 50 value of compounds E18 and E27 was 38.5 and 30.8 mg L À1 , respectively. CoMFA and CoMSIA models were built, the models exhibited good correlation, predictability, and revealed the activity could be enhanced by introduction of the electron-withdrawing groups with proper bulk at 2-and 4-positions of benzene ring. The proposed models could predict the activity with reasonable accuracy and will be useful in the near future for nding potent insecticidal molecules in our group. Experimental section
Materials and methods
All aromatic acids were purchased from Accela Chem-Bio Co., Ltd (Shanghai, China) and Inno-chem Co., Ltd (Beijing, China). Melting points of the synthesized compounds were measured using a XT-4 binocular microscope (Beijing Tech Instrument Co., China). 1 H, 19 F and 13 C NMR spectra were recorded on a JEOL ECX 500 NMR (JEOL Ltd., Japan) or AVANCE III HD 400M NMR (Bruker Corporation, Switzerland) spectrometer operating at room temperature using CDCl 3 or DMSO as solvents. HR-MS was recorded on an Orbitrap LC-MS instrument (Q-Exative, Thermo Scientic™, and American). The course of the reactions was monitored by TLC.
Synthetic procedures
Synthesis of substituted benzoyl hydrazine (C). Substituted benzoyl hydrazine (C) was prepared by following the known procedure. 25 Substituted benzoic acid or para-uorophenyl-acetic acid (for preparation of compound E28) as starting materials, followed by esterication and hydrazinolysis to yield substituted 2-phenoxyacetohydrazide in excellent yields.
37
Synthesis of title compounds (E1 to E28). 36 The mixture of substituted 2-phenoxyacetohydrazide C (0.5 mmol), 3-chloro-5-(triuoromethyl)picolinic acid (0.5 mmol) and phosphorus oxychloride (3 mL) was stirred for 8 h under reuxing temperature, the resulted mixture was the poured to crushed ice and neutralized with 5% NaOH, the precipitate was then ltered and purication using silica gel (200-300 mesh) column chromatography with using ethyl acetate/petroleum ether (1 : 5 (dd, J ¼ 1. 
Insecticidal activity
The insecticidal activity was tested at 25 AE 1 C according to statistical requirements. Mortalities were calculated and based on a percentage scale using Abbott's formula.
41
Insecticidal activity against oriental armyworm. The insecticidal activity against oriental armyworm was investigated using reported procedure. 38 The corn leaves were put on the moistened lter paper in a Petri dishes (diameter 9 cm) and sprayed with the solution containing the tested compounds. Aer drying, 10 fourth instar oriental armyworm larvae were then transferred to the dishes. Mortalities were calculated aer treatment for 4 days. Commercial avermectin was also tested under the same conditions. Three replicates and at least ve concentrations were performed for each experiment for LC 50 .
Insecticidal activity against P. xylostella. The insecticidal activities against P. xylostella were evaluated using previously procedure. 39 Fresh cabbage discs were dipped into the prepared solutions and placed in a Petri dish (diameter 9 cm) lined with moistened lter paper. Fieen larvae of second instar P. xylostella were carefully transferred to the Petri dish and cultivated for 72 h. Commercial chlorpyrifos was tested under the same conditions as positive controls, four replicates were performed for each experiment at different concentration.
Insecticidal activity against Nilaparvata lugens and Aphis craccivora. Insecticidal activities against N. lugens and A. craccivora were tested according to our using the Potter spray method.
41 Forty third-instar larvae of N. lugens (or A. craccivora) were treated at corresponding concentration at a pressure of 4.35 mg cm À2 under a Potter spray tower. Mortalities were then counted aer rearing for 72-96 h. The treatments of imidacloprid and water were conducted as controls. Four replicates were measured for each treatment.
3D-QSAR study
3D-QSAR study was performed according to our provirus work 42 using Sybyl 2.0X soware (Tripos Inc., St Louis, MO). All the structures were drawn using the SKETCH option and minimized using the Gasteiger-Hückel charge, tripos force eld and Powell conjugate gradient algorithm with a convergence criterion of 0.05 kcal mol À1 . Then lowest energy conformation was determined using protocol of genetic algorithm (GA) conformational searches using the default setting in Sybyl. The structures were then aligned on a common substructure with compound E20 as the template molecule (Fig. S1 in ESI †).
Compounds E7, E8, E9, E16, E22 and E26 were randomly chosen as a test set. The results of alignment are shown in Fig. S1 , B (ESI †). Then, CoMFA was performed using the partial least-squares (PLS) protocols to yield all the corresponding parameter (see Table S1 in ESI †). CoMSIA analysis could be done in the similar PLS protocol as CoMFA.
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